After adjusting for age, sex, body mass index, smoking, month of blood collection, and symptom duration, we found significant positive associations between 25OHD concentrations and FEV 1 (in liters), FEV 1 % predicted, and FEV 1 /FVC (p for trend ! 0.05 for all). The adjusted odds ratios for the highest versus the lowest 25OHD quartile were 0.50 (0.26-0.96) for FEV 1 ! 75% predicted and 0.44 (0.20-0.95) for FEV
comes [1, 2] . It has been suggested that decreasing sun exposure may in part play a potential role in asthma's etiology [3] . Vitamin D has been thought to mediate the observed association between sun exposure and asthma [3] . Vitamin D is a nutrient and hormone that can be obtained from a few natural foods (e.g. fatty fish and fish liver oils) and fortified food (e.g. milk and cereal), and it can be generated endogenously from sunlight exposure via a photosynthetic mechanism in the skin [4] . Vitamin D deficiency has been reported in many populations, even in those living in areas with abundant sun exposure [4, 5] .
25-Hydroxyvitamin D (25OHD) is the major circulating form of vitamin D, and its concentration in serum has been thought to reflect the status of vitamin D [4] . A low 25OHD concentration has been recognized as a possible risk factor for several chronic lung diseases, including asthma and other respiratory disorders [2, 6, 7] . Epidemiologic studies have also suggested that higher maternal vitamin D intakes during pregnancy play a protective role against wheezing illnesses in young children [8] [9] [10] . Recently, lower vitamin D concentrations have been found to be associated with higher risks of asthma exacerbations (e.g. hospitalization and use of anti-inflammatory medications) and increased levels of serum total IgE and peripheral eosinophil count in Costa Rican children with asthma [2] . In a cross-sectional study based on the US Third National Health and Nutrition Examination Survey, a dose-dependent association between lower serum 25OHD and reduced pulmonary function, as assessed by the forced expiratory volume in 1 second (FEV 1 ) and the forced vital capacity (FVC), was observed among participants, most of whom did not have asthma [11] . Results from in vitro studies also showed that vitamin D had the capability of reversing steroid resistance in individuals with asthma [12] . Taken together, these results suggest that vitamin D may play a role in the pathogenesis of asthma and may also influence asthma-related phenotypes.
However, there has been no epidemiological study to date examining the association between vitamin D status and asthma-related phenotypes in a large cohort of adults with asthma. We, therefore, conducted a cross-sectional study to examine whether serum 25OHD concentrations were associated with airflow limitation, as measured by FEV 1 (in liters), FEV 1 % predicted, and FEV 1 /FVC, and the markers representing allergy, including serum total IgE and blood eosinophil count, in 435 Chinese adult patients with newly diagnosed asthma.
Subjects and Methods

Diagnosis of Asthma
We included 435 unrelated adult asthma patients (268 women and 167 men) aged 1 18 years who are of Han ethnicity from Beijing and neighboring regions. Participants were recruited at the Pulmonary Clinic of Peking Union Medical College Hospital, one of the major referral centers in Northern China. The study protocol was reviewed and approved by the Peking Union Medical College Hospital human research ethics committee, and all subjects gave their written informed consent to participate in the study.
All cases had current asthma symptoms including wheeze, cough, waking up at night, and shortness of breath, and all participants reported no regular use of anti-inflammatory medications in the previous 6 months. Asthma diagnosis was made based on the patients' symptoms plus objective evidence from lung function tests according to the criteria defined by the American Thoracic Society [13] .
Measurement of Lung Function and IgE
Pulmonary function tests were performed in all participants according to American Thoracic Society guidelines [14] by an experienced technician in a blind manner using the MasterScreen system (Jaeger Co., Höchberg, Germany) at the Peking Union Medical College Hospital lung function test laboratory. The following parameters were documented: FEV 1 , FVC, peak expiratory flow rate, and flow-volume loop. These parameters were repeated until 3 measurements with a variation in FEV 1 values ! 5% were obtained; the highest FEV 1 value was used for further analysis. The patients with ! 70% of FEV 1 % predicted underwent airway reversibility testing, with positive airway reversibility defined by both a 12% improvement in FEV 1 % and a 6 200-ml increase in the absolute FEV 1 value after ␤ 2 -agonist inhalation. The cases with 6 70% of FEV 1 % predicted underwent methacholine challenge testing, and positive airway hyperresponsiveness was defined by a 20% fall in FEV 1 at a dose of inhaled methacholine ^ 16 mg/ml [15] .
Serum total IgE was assessed using the UniCAP system (Pharmacia, Uppsala, Sweden) as per the manufacturer's instructions. High total IgE was defined as 1 100 kU/l. The peripheral blood eosinophil count was measured using Coulter counter techniques.
Assessment of Serum 25OHD Concentrations and Covariates
Fasting blood samples were collected, processed, and frozen within 2 h of the drawing of blood and stored at -70 ° C until analyzed. The serum 25OHD concentration, the major circulating form of vitamin D, was measured in 435 patients using commercial ELISA kits (Immunodiagnostic Systems Limited, Bolden, UK) according to the manufacturer's recommendations. The limit of detection was 5 nmol/l. Laboratory personnel were blinded to asthma severity. The coefficients of variation were 4.6% when the average concentration of 25OHD was 40.3 nmol/l and 6.4% when the average concentration was 72 nmol/l.
Information on age, sex, and smoking status was collected via a questionnaire. Symptom duration was determined by a review of medical records. Weight and height were measured during the interview by trained field workers. The body mass index (BMI) was calculated as weight (kg)/height (m) 2 .
Statistics
Statistical analyses were performed with SAS version 9.1 (SAS Institute, Inc., Cary, N.C., USA). Logarithmic transformations were performed for serum 25OHD and total IgE to normalize the distribution of data. Participants were also divided into quartile categories of serum vitamin D concentration. Means were compared using the General Linear Models procedure in SAS with the Dunnett adjustment for multiple comparisons. We also conducted secondary analyses using multiple logistic regressions to estimate the odds ratios (ORs) of the likelihood of having abnormal lung function (FEV 1 % predicted and FEV 1 /FVC) and the total IgE values. Analyses were adjusted for age (years), sex, BMI ( ! 23, 23-26.9, or 6 27), smoking (current, former, or never), season of blood collection, and symptom duration (years). Linear trends were tested for significance by regressing log-transformed 25OHD levels on lung function measures, with adjustment for the covariates listed above. In a sensitivity analysis, we regressed the 25OHD levels on the periodic function -sin(2 x/12)-cos(2 x/12), where x is the month of sample collection, the age at sample collection, and sex. The residuals from this model were added to the sexspecific 25OHD means derived from the model to create an adjusted 25OHD measurement [16] . We tested whether the associations based on this adjusted level were consistent with what we observed using the original 25OHD values.
We also examined the interaction of vitamin D concentration with other important risk factors for lung function and total IgE, including age ( ! 42 vs. 6 42 years, based on the median value), sex, smoking status (ever vs. never), and symptom duration ( ! 5 vs. 6 5 years, based on the median value).
Results
Characteristics of the Subjects
None of participants included in the current study had received regular treatment recommended by the current guideline, particularly anti-inflammatory medication use [1] . Among these patients, 75.2% reported allergic rhinitis and 51.8% of subjects were allergic to at least 1 common allergen defined by a skin prick test. No patient reported skin covering. An airway challenge test was performed in the asthma subjects with 6 70% of baseline FEV 1 % predicted (33% of the asthma patients), and all of these subjects were documented to have positive airway hyperresponsiveness. Participants with higher 25OHD were less likely to be women ( table 1 ) . No clear relationships were observed between serum vitamin D status and age, BMI, smoking status, the presence of allergic rhinitis, and symptom duration ( table 1 ) . As expected, we observed a clear pattern in the association between the month of blood collection and 25OHD. The lowest level of 25OHD was seen from January to March, while the highest level was seen from June to October (data not shown).
Prevalence of Vitamin D Deficiency in Patients
The concentration of 25OHD ranged from 9 to 85 nmol/l. Of the 435 participants, 89.0% (387 participants) had serum 25OHD ! 50 nmol/l (referred to as a deficiency) while only 2.8% (12 participants) had a concentration 1 75 nmol/l (referred to as a sufficiency). Only 1.5% of women had sufficient vitamin D status, relative to 4.8% of men (p = 0.05).
Association of Serum 25OHD Concentrations with Lung Function and Serum Total IgE
Participants with a higher 25OHD concentration had a higher FEV 1 % predicted (p = 0.02, r = 0.12) ( fig. 1 ). After adjusting for age, smoking, sex, symptom duration, BMI, and the season of blood collection, there remained a significant association between a higher 25OHD concentration and a higher FEV 1 (l) (p = 0.02, r = 0.11). There was a significant association between higher serum 25OHD concentrations and better lung function as evaluated by the absolute FEV 1 value, FEV 1 % predicted, and Plot of a linear association between log-transformed serum 25OHD (nmol/l) concentrations and FEV 1 % predicted (%) (p = 0.02, adjusted r = 0.12). Linear trends were tested for significance by regressing log-transformed 25OHD levels on FEV 1 % predicted, with adjustment for age (years), sex, BMI ( ! 23, 23-26.9, or 6 27), smoking (current, former, or never), season of blood collection, disease duration (years), and other confounders. When we restricted to never-smokers, we observed significant associations of serum vitamin D with the absolute FEV 1 value, FEV 1 % predicted, and FEV 1 /FVC (p ! 0.05 for all), as in our primary analyses. Likewise, there was no association between 25OHD concentrations and total IgE among never-smokers. Using the adjusted 25OHD as the exposure generated similar results; vitamin D concentrations were significantly associated with a higher FEV 1 % predicted (p for trend = 0.007) and FEV 1 / FVC% (p for trend = 0.006). We also observed a positive trend between a higher vitamin D concentration and a higher FEV 1 % predicted among subjects with 1 75% FEV 1 predicted (p for trend = 0.25).
We did not observe significant interactions between vitamin D concentration and age, smoking status, overweight, or symptom duration in relation to measures of lung function (p interaction 1 0.1 for all).
Discussion
In this sample of Chinese adults with asthma, vitamin D deficiency was highly prevalent (approximately 90%). Low serum vitamin D concentrations were significantly associated with airway obstruction, as evaluated by FEV 1 and FEV 1 /FVC. These associations were independent of several potential confounding factors, such as smoking, body mass index, sex, and age. Because all participants are Han Chinese living in Beijing, China, and immediate surrounding areas (latitude 39°54 north), this homogeneous population has relatively fewer unmeasured or uncontrolled (residual) confounding factors by ethnicity (i.e. skin color) and other variables, such as sun exposure level. The diagnosis of asthma was defined by current asthmatic symptoms plus explicit diagnostic tests such as airway hyperresponsiveness to methacholine or positive airway reversibility to short-acting ␤ 2 -agonist. Further, we included only newly diagnosed adult patients and thus, to a greater extent, minimized the possibility of phenotypic heterogeneity which may cause a spurious association.
Our observations of a positive association between vitamin D status and lung function in these Chinese asthma patients extend the findings of a previous study in which higher serum vitamin D concentrations were associated with better values of FEV 1 and FVC in a representative sample of the general population of US adults [11] . Our findings are also consistent with findings from a recent study of 54 US adult asthmatics, where vitamin D levels were also positively associated with lung function [17] .
Elevated serum total IgE is a risk factor for asthma independently of the allergen-specific IgE [18] . In a British birth cohort including 9,377 participants born in 1958, a significantly nonlinear relationship between serum vitamin D and total IgE was observed [19] . Although in our primary analysis we did not observe a significant association between serum 25OHD and total IgE, we found that participants with a sufficient vitamin D concentration ( 6 75 nmol/l) had a lower risk of having an elevated IgE level (OR = 0.3; 95% CI 0.10-1.18) relative to those with a severe vitamin D deficiency ( ! 20 nmol/l), but this did not achieve statistical significance.
Vitamin D could be involved in asthma pathogenesis through several mechanisms. Vitamin D receptor and vitamin D metabolic enzymes have been found in many cells including immune cell types [20, 21] , and vitamin D receptor gene polymorphisms have been shown to be associated with asthma risk in both Caucasians and Chinese [22, 23] . It has been shown that vitamin D inhibits IL-4 and the IL-4-induced expression of IL-13 in both CD4+ and CD8+ human cord blood cells [24] . Further, vitamin D, in a dose-dependent manner, induces Fox3+ regulatory T cells via its anti-inflammatory capability and prompts a tolerogenic phenotype in human dendritic cells [25] . However, it is noted that a large dose of vitamin D supplementation during infancy has been thought to be able to enhance Th2 responses [26] and, therefore, increases the risk of having allergy and asthma in later life [27, 28] . These seemingly contradictory findings regarding immune cell functioning may be due to the timing of exposure to vitamin D, i.e. prenatal versus postnatal exposure. Further studies are needed to clarify the role of vitamin D in immune cell development and function. In a recent study, Sutherland et al. [17] found a significant inverse association between BMI and serum vitamin D among inhaled corticosteroid-untreated asthmatic patients. Although we observed that obese participants tended to have lower vitamin D concentrations, the association was not significant (data not shown).
It has been shown that, in addition to affecting immune cells, vitamin D affects smooth muscle function and proliferation, which has a direct relevance for lung function in asthma and in airway remodeling [29] . Airway remodeling is an important feature of asthma and is correlated with airflow limitation [30] . Vitamin D influ-ences airway remodeling by affecting smooth muscle cell movement, growth, and contractility and by inhibiting transforming growth factor-␤ and matrix metalloproteinase as well as fibroblast proliferation [29, 31] . Furthermore, in animal models, vitamin D has been shown to affect lung development and maturation in utero and in the immediate postpartum period [32, 33] .
Previous studies have consistently shown that vitamin D deficiency (serum 25OHD ! 50 nmol/l) is prevalent in general Chinese populations; the prevalence ranges from 69 to 94% depending on the latitude and age [34, 35] . These studies, together with our findings, suggest that vitamin D deficiency may be rather common in the Chinese population and understanding its adverse impact on health outcomes, therefore, has important public health implications.
Our study has several limitations. Its cross-sectional design precludes the ability to discern temporal associations. A longitudinal study in both children and adults may elucidate a clearer relationship. It is possible that patients with severe asthma symptoms reduced their outdoor activities which thus led to a reduced exposure to sunlight. However, given that these are all newly-diagnosed asthmatics, this likely has a negligible effect on our results. Further, the use of anti-inflammatory drugs could confound the association between vitamin D and lung function [2] . However, the patients included in the current study had never received any regular inhaled or systemic glucocorticosteroids before blood samples were collected after careful review of the medical records. We cannot exclude the possibility that a few of the participants used anti-inflammatory medications without a prescription. However, as the number of such participants should be rather small, its effect on the observed association between vitamin D and lung function would thus also be small. Additionally, we did not have detailed information on the socioeconomic status and lifestyle details (e.g. rural vs. urban) of the participants. Finally, we did not collect information on the use of vitamin D supplements. However, there are no foods fortified with vitamin D in China. The prevalence of vitamin D supplement use has also been shown to be rather low in Chinese adults [34] .
In summary, we found a high prevalence of vitamin D deficiency in a sample of Chinese asthma patients. Low serum vitamin D was associated with lower lung function. Prospective studies are warranted to clarify the direction of the observed relationship between vitamin D status and asthma severity.
